Dedicated in Honor of Dr. Bruce E. Maryanoff and Dr. Cynthia A. Maryanoff on the occasion of their outstanding contributions to organic chemistry as industrial chemists Abstract A diverse set of isoxazoles, with activity in three different disease categories, was reduced asymmetrically from pro-chiral ketones to chiral alcohols using the Corey-Bakshi-Shibata methodology at the α, β, and γ positions relative to the C-5-methyl of the isoxazole. The experiments described provide an easy route to hydroxylated isoxazoles that represent the common CYP-450 3A4 metabolic site.
Introduction
Isoxazoles have found continuing application in medicinal chemistry, several examples of which have advanced to general medical practice. 1 As potential new chemical entities advance from in vitro screening through in vivo study towards clinical trials, pharmacokinetic propertiescollectively referred to as ADMET for Absorption, Distribution, Metabolism, Excretion and Toxicity 2 -become important considerations: half of drug attrition can be attributed to poor ADMET properties. An interesting facet of the biology of isoxazoles is that one significant route of metabolism and excretion is C-5 methyl hydroxylation, 3 mediated by the cytochrome P450 isoform 3A4, 4 often followed by conjugation to the glucuronide. 5 The existence of a safe route for drug metabolism is an important design feature for potential investigational new drugs containing the isoxazole. Our own interest in the biological activity of several classes of isoxazoles [6] [7] [8] required access into isoxazole carbinols in chiral form for metabolic fate experiments.
Our initial attempts used an extension of our previous studies on the lateral metalation and electrophilic quenching of isoxazoles [9] [10] into the realm of asymmetric catalysis. 11, 12 Over fifty attempts employing chiral bis-oxazolines, 13 Shibasaki's lanthanum BINOL, 14 Jacobsen's salen aluminum catalyst, 15 and Sparteine, 16 in the lateral metalation reaction failed to produce a significant enantio-enrichment of the product. We sought an alternate route which would provide synthetically useful results, and now report that the use of the Corey-Bakshi-Shibata (CBS) 17 reduction on isoxazolyl ketones produces chiral isoxazolyl carbinols in uniformly excellent chemical yields with high enantiocontrol in many cases.
Results and Discussion
The racemic alcohols 1a-j were prepared using lateral metalation as previously described: α-hydroxyls were prepared by lateral metalation followed by quenching with the Davis oxaziridine,
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β−hydroxyls were prepared by quenching with the appropriate aldehyde, 10b,c and the γ-hydroxyl example was prepared by ring opening of styrene. 19 The ketones 2a-j were then prepared by oxidation using the Dess-Martin Periodinane reagent. 20 The reductions illustrated in Scheme 1 were typically carried out at -45 o C in dichloromethane, monitored by TLC until consumption of the ketone, and the chemical yields were uniformly very good to excellent. The enantiomeric excess was determined by HPLC-CSP and the results are summarized in Chart 1. The absolute configuration of (S)-3a was established by comparison of optical rotation to (R)-3a established by single crystal X-ray diffractometry using anomalous scattering techniques on a derived chloro-phenylisoxazolo [3,4-d] pyridazinone as previously described. 12 The absolute configuration of (S)-3j, produced by reduction with (R)-
, which was established by its optical rotation by comparison to known (S)-3j, established via epoxide ring opening with retention from (R)-styrene oxide. 19 The remaining configurations were established by the order of elution via chiral HPLC-CSP. The stereochemical outcome appears to be consistent with the Corey transition state model. 17 High enantioselectivities were observed for aryl-alkyl ketones 3j
(89% e.e.), 3g (97% e.e.), 3h (99% e.e.), where the discriminating factor during the reduction is essentially analogous to acetophenone, 17c and the isoxazolyl function is removed from the reduction site. The p-chlorophenyl compound 3h produced virtually enantiopure material. As the isoxazolyl function increases in functional complexity and presents potential competing chelating groups, the e.e. is observed to erode slightly as in example 6 (80% e.e.). For the case of the dihydropyridine 3i, two equivalents of borane are necessary to effect conversion to alcohol, and a plethora of potential lone pairs, as well as conformational flexibility, "confuse" the situation, resulting in significantly lower stereoselectivity (47% e.e.). Thus, a complex interplay of both steric and electronic factors affects the selectivity. Steric factors alone do not appear to affect the outcome if the large group is more than one methylene removed from the ketone: in example 3e, where the local environment at the ketone presents a methyl versus a methylene, produced almost no induction, despite the presence of the dirigible-like anthracene-isoxazole moiety nearby. The standard experiments were conducted at 20 mole % catalyst loading, although the enantiomeric excess was not dramatically affected in the case of 3g by lowering the amount of chiral oxazaborolidine to 10 mole %: the chemical yield was not affected (93 versus 92 % yield), and only a slight change in the e.e. was noted (97 to 93% e.e.). This was also true for example 3b, where 10 mole % chiral catalyst produced almost identical yield and stereoselectivity (76 versus 74% yield, identical 72% e.e.). Unfortunately, for the cases with lower e.e., for example 3b, raising the catalyst loading from 20 to 80 mole % showed virtually no effect on yield (74 versus 73% chemical yield), but the large increase in chiral catalyst produced only a slight increase in e.e., that might be within experimental error (raised only to 75 from 72 % e.e.).
In the remaining four examples the isoxazole represents the aryl group, and in the case where the small group is methyl the e.e. is lowest 3a, (43% e.e.). In the remaining three cases the e.e.'s are higher, 3b-d (72-82% e.e.) which may be consistent with the ability to adopt similar major conformations vis-a-vis the keto isoxazoles 2 which led to conformational restriction during the critical hydride delivery. However, there is another possibility in that these ketones are easily enolizable, as evidenced by the X-ray structure of the enol corresponding to 2d, 22 which we postulated could influence the reaction course. Therefore we examined the reactions for 3d in more detail. There was a noticeable solvent effect, as dichloromethane (72% e.e.) produced slightly higher e.e. than THF (63% e.e.). In THF we also noticed a pronounced aging effect, that is, over the course of standing the e.e. was observed to erode, in one experiment conducted at -45 o C from 83% e.e. at 18 hours and incomplete conversion, to 64% e.e. at 66 hours. The aging effect was even more pronounced at higher temperature, where the initial 82% e.e. at 20 hours eroded to 39% e.e. at -20 o C over 110 hours. Our explanation for the aging of the e.e. for 3d may be a Meerwein-Ponndorf-Verley reduction / Oppenauer oxidation type disproportionation, which leads to racemization over time.
Conclusions
We have shown that CBS-oxazaborolidine can be used to reduce C5-isoxazolyl-ketones under conditions that optimize chemical yield and enrich enantio-purity. Our results are consistent with Corey's transition state model and show selectivity, as the method gives the corresponding opposite enantiomer from that of the catalyst used [i.e.
, (R)-CBS give (S)].
The solvent effects we observed in attrition of % e.e. can possibly be explained by the enolizability of the starting ketone corresponding with reaction solvent -THF is poor when compared to methylene chloride -and time, though it appears that a small amount of THF is tolerated as 3b was separately synthesized using reagent dimethyl sulfide /borane complex in THF and CH 2 Cl 2 , and the % e.e. was unchanged. Temperature had little effect on chemical yield, but a pronounced effect on final enantio-enrichment when THF was used as the reaction solvent, making -45 o C the optimal temperature for this series of reactions, as it was easily maintained over the usual 24 hour reaction time.
The results of this study have allowed us to continue our work with isoxazole functionalization of the C-5 position of the ring, such that we are now able to introduce hydroxyl groups in the α−, β− and γ− positions to the isoxazole, that will aid in future metabolic studies of our compounds with CYP-450 3A4 -the predicted isozyme for isoxazole metabolism as based on literature precedent. This methodology not only allows access to the CYP-450 3A4 potential metabolites but the added element of chirality can be explored in both the activity of the hydroxy-isoxazole in its corresponding disease area and bio-availability, thus allowing exploration of the ADMET profile of these compounds. We will report on our progress in due course.
Experimental Section
General. Mass spectra were obtained on a JEOL JMS-AX505 HA. NMR spectra (  1 H-and  13 C-) were obtained on a Bruker Avance 300 Digital NMR (300 MHz) using SGI-IRIX 6. 
General procedure for the Dess-Martin oxidation of isoxazolyl alcohols
To an oven-dried round bottom flask (50mL) was added 2.3g (11.5 mmol) of the isoxazole alcohol and a magnetic stir bar, under a N 2 atmosphere. Freshly distilled dichloromethane (40 mL) was added and the solution stirred until the isoxazole alcohol completely dissolved. Dess-Martin periodinane (4.87g, 1.0 eq.) was added in one portion and the solution stirred for 2-3 hours: the reaction progress was monitored by TLC. After TLC analysis indicated depletion of the starting alcohol, the reaction was concentrated under vacuum and diluted with diethyl ether (100mL). The periodinane by-product which precipitates is then filtered and the ether solution combined with 25 mL saturated NaHCO 3 , and 25 mL of saturated sodium sulfide in a 250 mL flask. The biphasic mixture is stirred vigorously for 15 minutes and then transferred to a separatory funnel. The organic phase is separated, washed with brine (25 mL), dried with anhydrous sodium sulfate, and concentrated. Purity was determined by 1 H-NMR and the compounds purified by column chromatography (Hex: EtOAc) on silica gel if necessary. Final compounds were fully characterized by 1 H NMR, 13 C NMR, and elemental analysis or accurate mass determination. Complete characterization has been reported for 2b, 2g, 2i and 2j. 5-dimethyl-1,3-dioxan-2-yl) 
General procedure for the asymmetric reduction of isoxazolyl aryl ketones
To an oven dried round-bottomed flask and magnetic stir bar was added 2 mL dry CH 2 Cl 2 , and 0.154 mL of (R)-2-methyl-CBS-oxazaborolidine (1M in toluene), followed quickly by 0.385 mL dimethyl sulfide borane (2M in THF or CH 2 Cl 2 ). The reaction was quickly cooled to -45 °C under a passive Ar atmosphere. Isoxazole ketone (0.3g, 0.77 mmol) was dissolved in 1mL dry CH 2 Cl 2 in a separate round bottom flask. The ketone solution was slowly added to the borane solution over a period of 30 minutes. The reaction was maintained at -45 °C with stirring and allowed to react until completion (~24 hours), as determined by TLC. The reaction was quenched by the addition of 5 mL MeOH and concentrated. Purification by column chromatography (Hex: EtOAc) gave the chiral alcohols in pure form. Enantiomeric excess was determined by CSP HPLC using a Chiracel OJ or AS column (Hex: EtOH, 40:1). For compounds 3c-3f, reduction progress was monitored by HPLC, using a Chiralpak AD column and hexane-EtOH (40:1 or 12:1) as the eluting solvent, λ=254nm. The % e.e. was calculated based on the ratio of the enantiomers. See Chart 1 for the HPLC-CSP ratios.
Synthesis of ethyl 5-[1-hydroxyethyl]-4-(2,5,5-trimethyl-1,3-dioxan-2-yl)isoxazole-3-carboxylate (S)-3a.
An oven-dried round bottomed flask (25 mL) was charged with 8 mL freshly distilled CH 2 Cl 2 , and a magnetic stir bar at room temperature under an argon atmosphere with a passive flow setup. (R)-2-Methyl-CBS-oxazaborolidine (0.2 equiv., 0.037 mmol, 1.0 M in toluene, 0.037 mL) was added to the flask via a gas-tight syringe, followed by addition of borane dimethyl sulfide (1.1 equivalents, 0.205 mmol, 1.0 M in CH 2 Cl 2 , 0.205 mL) via a gas-tight syringe. This catalyst solution was then immediately cooled to -40 o C in a dry ice/acetonitrile bath. The ketone (0.186 mmol, 58 mg) was taken up in about 1 mL of CH 2 Cl 2 , and transferred to the catalyst solution dropwise over 1 hr. The solution was allowed to stir at -40 o C for 8-10 hrs, and warmed over 1 hr. Spectroscopic data were identical with those of racemic 3a. 12 HPLC separation on a chiral stationary phase (Chiracel AS column, 254 nm detector, 1 ml/min, 30:1 hexanes: EtOH) showed that the product had a 43% enantiomeric excess. 3-methyl-isoxazol-4-yl]-1,4-dihydropyridine-3 ,5-dicarboxylate 3i. Alcohol 3i was prepared in a similar manner to the general procedure described above, except that 2 eq. of borane-dimethyl sulfide, and the (S)-CBS-oxazaborolidine were used. Spectroscopic characteristics of 3i were identical to those for the product of the racemic synthesis, 20 3-[4-(4,4-Dimethyl-5H-oxazol-2-yl)-3-methyl-isoxazol-5-yl]-1-phenyl-propan-1-ol 3j . The alcohol (S)-3j was prepared in a similar manner by the general procedure described above, in 82% yield. Spectroscopic characteristics of (S)-3j were identical to the racemate; 19 
